Abstract Purpose: To evaluate the combination of sorafenib and gefitinib in patients with advanced nonŝ mall cell lung cancer. Experimental Design: In this dose-escalation trial, patients received oral sorafenib (200-400 mg) twice daily with gefitinib (250 mg orally) once daily to identify the recommended dose for phase II trials (RDP; part A). The pharmacokinetics of the RDP were characterized further in additional patients (part B) receiving single-agent gefitinib or sorafenib for 21days followed by a 7-day washout with crossover to the other agent for an additional 21days. Patients then received the combination of sorafenib plus gefitinib in 28-day cycles. Safety, pharmacokinetics, and antitumor efficacy were evaluated. Potential drug-drug interactions and the relationship between pharmacokinetics and toxicity were also assessed. Results: Thirty-one patients were treated (n = 12, part A; n = 19, part B). Most adverse events were grade 1/2. The most frequent grade 3/4 events included diarrhea and elevated alanine aminotransferase (both 9.7%). One dose-limiting toxicity occurred (part A: elevated alanine aminotransferase at 400 mg twice daily). Gefitinib had no effect on sorafenib pharmacokinetics. However, gefitinib C max (26%) and area under the curve (38%) were reduced by concomitant sorafenib. One patient had a partial response; 20 (65%; n = 8, part A; n = 12, part B) had stable disease z4 months.The RDP was sorafenib 400 mg twice daily with gefitinib 250 mg once daily. Conclusions: Sorafenib combined with gefitinib is well tolerated, with promising efficacy in patients with advanced non^small cell lung cancer. Studies to further investigate the significance of the reduction in gefitinib exposure by sorafenib are warranted.
Lung cancer is currently the leading cause of cancer mortality in the United States and throughout the world (1) . It was estimated that 172,570 individuals would be diagnosed with lung cancer in the United States in 2006. Non -small cell lung cancer (NSCLC) comprises over 75% of lung cancers and has proven particularly difficult to treat. Curative resection is possible in only 30% of patients at diagnosis, with metastatic disease developing in 50% of patients within 5 years (2) .
Increased understanding of lung cancer at the molecular level has led to the development of novel targeted therapies for this disease (3) , and the use of these agents in NSCLC continues to grow. A wide variety of prognostic factors that predict response to targeted agents are being investigated for NSCLC and include tumor suppressor genes (p53 and Rb), growth factor receptors [epidermal growth factor receptor (EGFR)], and dominant oncogenes (Ras; ref. 4) . Overexpression of EGFR has been found in 45% of NSCLC tumors, whereas its ligands transforming growth factor-a and amphiregulin have shown increased and decreased expression, respectively, in f60% of NSCLCs, independent of stage (5) . Ras is an important signaling molecule, which exerts its effects through downstream signal cascades (commonly Raf/mitogen-activated protein kinase kinase/extracellular signal-regulated kinase), to mediate cell proliferation and prolong survival. Furthermore, activating mutations of the K-ras oncogene have been found in 35% of adenocarcinomas (6) and have been shown to be predictive of poor survival (7) .
Sorafenib (Nexavar; Bayer Pharmaceutical Corp. and Onyx Pharmaceuticals) is an oral multi-kinase inhibitor with antiangiogenic and antiproliferative activity that has been approved for the treatment of advanced renal cell carcinoma based on results of a global, randomized, placebo-controlled phase III trial (8, 9) . Sorafenib has been shown to inhibit the vascular endothelial growth factor receptors 1 to 3, plateletderived growth factor receptor a and h, c-Kit, Flt-3, RET, and the Raf/mitogen-activated protein kinase kinase/extracellular signal-regulated kinase pathway (10 -12) . Hence, sorafenib inhibits all known isoforms of vascular endothelial growth factor receptor and platelet-derived growth factor receptor, multiple cell surface tyrosine kinase receptors with roles in oncogenesis, and serine/threonine kinases involved in the downstream signaling from a number of cell surface receptors, including EGFR, platelet-derived growth factor receptor, and vascular endothelial growth factor receptor. Preclinical studies of sorafenib in human NSCLC xenograft models showed antitumor activity, particularly sustained disease stabilization (11) . Sorafenib has shown encouraging antitumor activity in combination with other chemotherapy agents (13 -17) as well as a good safety profile with manageable toxicities in phase I/II monotherapy trials (8, 9, 18 -20) .
The EGFR tyrosine kinase inhibitor gefitinib has been approved for third-line treatment of NSCLC in Japan and the United States based on an objective response rate of 10.6%. Iressa full prescribing information is available online. 4 However, there was no increase in response rate or overall survival in NSCLC for the combination of gefitinib with conventional chemotherapy compared with chemotherapy alone (21, 22) . Furthermore, the randomized, placebo-controlled phase III Iressa Survival Evaluation in Lung Cancer trial of gefitinib in advanced NSCLC patients who had received at least one previous chemotherapy regimen did not show a significant overall survival benefit for gefitinib in either the whole study population, or an adenocarcinoma subgroup (23) .
Although specific EGFR gene mutations have been shown to predict response to gefitinib, suggesting that selection of patients most likely to respond may be feasible, it is unclear whether the expression patterns of EGFR and its ligands are predictive of survival (24) . The disappointing results observed in single-agent and combination clinical trials with gefitinib could be due to signaling pathway redundancy, which may be combated by the use of combination therapy with targeted agents. In particular, accumulating data suggest that NSCLC cells harboring K-ras mutations may be resistant to the EGFR tyrosine kinase inhibitors. Thus, by inhibiting the Ras/Raf pathway (11) , sorafenib may confer sensitivity to a broad spectrum of NSCLCs when combined with gefitinib. This theoretical rationale is supported by preclinical studies showing that the combination of sorafenib and gefitinib is additive (25) .
Based on this theoretical rationale and the supporting preclinical data, this phase I trial was undertaken to assess the safety/tolerability, pharmacokinetics, and antitumor efficacy of the combination of sorafenib and gefitinib in patients with unresectable or recurrent NSCLC.
Patients and Methods
Patient selection. Patients with advanced, histologically confirmed, unresectable or recurrent NSCLC, who were appropriate for gefitinib therapy, were eligible for this trial. Other inclusion criteria were age z18 years; expected survival of z3 months; Eastern Cooperative Oncology Group performance status V2; adequate bone marrow (platelets z100 Â 10 9 cells/L, absolute neutrophil count z1. (Fig. 1) to assess the safety and tolerability of sorafenib in combination with gefitinib and to determine the appropriate dose of sorafenib to combine with a fixed, standard therapeutic dose of gefitinib (part A). Patients received escalating doses of sorafenib, up to the recommended single-agent phase II dose of 400 mg twice daily. After determination of the recommended phase II dose in part A, additional patients were studied to characterize further the toxicity and pharmacokinetic profiles of this combination. The steadystate pharmacokinetics of single-agent sorafenib and gefitinib were determined during a 42-day run-in period in part B. Patients were randomized to receive either sorafenib 400 mg twice daily or gefitinib 250 mg once daily for 21 days followed by a 7-day wash-out period and then crossed over to the other drug for an additional 21 days. After the run-in period, all patients received concurrent, continuous sorafenib plus gefitinib with a cycle length of 28 days. Patients who participated in either part A or B received treatment until the occurrence of unacceptable toxicity or disease progression.
Adverse events were graded according to the National Cancer Institute-Common Terminology Criteria for Adverse Events, v3.0. Dose-limiting toxicities were based on cycle 1 toxicities and defined as grade 4 neutropenia (absolute granulocyte count <0.5 Â 10 9 /L, z7 days), febrile neutropenia grade z3 (absolute granulocyte count <1.0 Â 10 9 /L and fever z38.5jC), platelet count <25,000/L or thrombocytopenic bleeding, ALT/aspartate aminotransferase grade z3 for 7 days, grade 3 nonhematologic toxicity (excluding unpremedicated nausea, vomiting, and diarrhea), and inability to administer the day 1 cycle 2 dose of both drugs within 14 days of the planned end of the previous cycle, as a result of an adverse event with relationship to trial medication.
Patient evaluations. Pretreatment evaluations were conducted within 7 days before drug administration. These included complete history and physical examination, baseline toxicity assessment, hematology (including prothrombin time, partial thromboplastin time, and international normalized ratio), biochemistries, urinalysis, pregnancy test for women of childbearing potential, and 12-lead electrocardiogram. Baseline radiologic assessments (i.e., scans or radiographs) for disease documentation and electrocardiogram were done within 28 days of the start of treatment. Baseline biological samples for blood, plasma, and urine were also collected up to 7 days before part B of the trial.
Dose modifications. During the first cycle, if a dose-limiting toxicity occurred during or after the administration of both therapies, treatment was withheld until the toxicity had resolved to grade V2, at which time both drugs could be administered at reduced doses. If the toxicity did not resolve, the patient was withdrawn from the trial and not replaced. In subsequent cycles, patients experiencing a dose-limiting toxicity were withdrawn from one or both of the agents at the investigator's discretion. The patient was then re-challenged with a reduced dose of both study drugs, if the toxicity resolved to grade V2. Patients were withdrawn from the trial if toxicity did not resolve, unless they were deriving clinical benefit from the treatment.
Plasma pharmacokinetics. The plasma pharmacokinetics of singleagent and combination treatments was evaluated in part B to investigate the potential for interaction between sorafenib and gefitinib and the potential relationship between pharmacokinetic variables and toxicity.
Blood samples for determination of sorafenib alone were collected before dosing, and 0.5, 1, 2, 4, 6 to 8, and 12 h after dosing on days 21 or 42 of the run-in period. Blood samples for determination of gefitinib alone were collected at these time points and at 24 h after dose. In patients receiving the combination of sorafenib and gefitinib, blood sample collection was repeated at the same times, including 24 h after dose on day 28 of cycle 1. The evaluation during the 42-day run-in period permitted the steady-state pharmacokinetics of each single agent to be determined, thereby allowing comparison with the combination.
A validated liquid chromatography tandem mass spectrometry (MS/ MS) assay was used for the measurement of sorafenib in plasma (18) . Sample preparation was done using protein precipitation of plasma, and analysis was done using reverse-phase chromatography followed by detection with MS/MS. An aliquot of plasma (0.2 mL) was diluted with labeled internal standard and precipitated with acetonitrile/ methanol. After centrifugation, clear supernatant was injected onto high-performance liquid chromatography column and analyzed by MS/ MS. The calibration range for the method was 0.01 to 12 mg/L for sorafenib. Mean inter-assay precision during the analysis of study samples ranged from 93.8% to 102.0%, and accuracy ranged from 1.13% to 6.69%.
Gefitinib was also analyzed using a validated liquid chromatography MS/MS method. This method also involved protein precipitation of plasma, reverse-phase chromatography, and MS/MS detection. An aliquot of plasma (0.15 mL) was precipitated with methanol-containing internal standard. After centrifugation, clear supernatant was injected onto high-performance liquid chromatography and analyzed by MS/MS. The calibration range for the method was 0.5 to 500 Ag/L for gefitinib. Mean inter-assay precision during the analysis of study samples ranged from 96.0% to 112.3%, and accuracy ranged from 9.2% to 12.8%.
Pharmacokinetic variables were calculated by standard noncompartmental methods using WinNonlin (version 4.0). The following pharmacokinetic variables were determined from plasma concentration profiles of sorafenib and gefitinib given alone and in combination: maximum drug concentration (C max ) and area under the plasma concentration-time curve (AUC) from 0 to 12 h for sorafenib (AUC 0-12 ) and from 0 to 24 h for gefitinib (AUC 0-24 ).
Antitumor activity. All patients with measurable disease and who had received at least one dose of sorafenib or gefitinib were eligible for evaluation for response by the Response Evaluation Criteria in Solid Tumors. All responses were confirmed by repeated tumor assessment after 4 weeks.
Statistical analysis. All patients who received at least one dose of sorafenib or gefitinib were included in the safety analyses. For the pharmacokinetic analyses, the derived variables (C max and AUC) were calculated for sorafenib and gefitinib given alone and in combination. C max and AUC values were analyzed using ANOVA. A 90% two-sided confidence interval for the ratio of geometric means of the compared treatment conditions was calculated. Progression-free survival was estimated using the Kaplan-Meier method. Statistical analyses were done using SAS, version 8.0 (SAS Institute).
Results
Patient characteristics. A total of 32 patients with advanced NSCLC were enrolled between February 2004 and December 2004; patient disposition is shown in Fig. 1 . Twelve patients were recruited into part A, the dose-finding section of the trial. Cohort 1 (n = 6) received sorafenib 200 mg twice daily plus gefitinib 250 mg once daily, and cohort 2 (n = 6) received sorafenib 400 mg twice daily plus gefitinib 250 mg once daily. Of the 20 patients enrolled in part B, one patient did not Cancer Research.
on January 20, 2018. © 2007 American Association for clincancerres.aacrjournals.org Downloaded from receive either drug treatment and was excluded from the safety and efficacy analyses because the patient was diagnosed with bladder cancer following study enrollment and was withdrawn from the study. Of the remaining patients in the single-agent run-in phase of part B, all 19 patients received sorafenib (400 mg twice daily administered to 16 patients and 200 mg twice daily administered to 3 patients due to a dosing error), and 16 patients received gefitinib 250 mg once daily. Three of the 19 patients discontinued sorafenib treatment and did not receive gefitinib due to an adverse event (n = 2) and progressive disease (n = 1). Of the 16 patients eligible for the combination phase of treatment, 10 patients received the sorafenib-gefitinib combination, and 6 patients did not receive the combination because 5 had progressive disease, and 1 had an adverse event following the run-in phase.
Patients' baseline characteristics are presented in Table 1 . Twenty-eight patients (90%) had an Eastern Cooperative Oncology Group performance status of 0 or 1. In 16 patients (52%), the NSCLC histology was identified as adenocarcinoma. Thirteen patients (42%) had received two or more prior chemotherapy regimens for NSCLC, and 8 patients (26%) had received previous radiation therapy. Ten patients (32%)
Safety. At the time of analysis, 24 patients (75%) had discontinued treatment: 17 due to disease progression, 5 due to adverse events, 1 due to consent withdrawal, and 1 did not receive either drug treatment as discussed previously and was therefore excluded from the safety analyses.
No dose-limiting toxicities were observed in patients receiving sorafenib 200 mg twice daily, and only one doselimiting toxicity (elevated ALT) was observed at 400 mg twice daily. The dose selected for part B was sorafenib 400 mg twice daily combined with gefitinib 250 mg once daily. The most common drug-related adverse events of any grade (n = 31 patients) were diarrhea (64.5%), elevated ALT (41.9%), dermatologic effects (dermatology: other, 41.9%; rash, 29.0%), and fatigue (38.7%; Table 2 ). The majority of adverse events were grade 1/2, with relatively few drug-related grade 3/4 adverse events reported ( Table 2 ). The most frequent grade 3/4 adverse events included diarrhea and elevated ALT (both 9.7%). Hematologic, cardiovascular, or renal toxicities were infrequent.
Drug-related serious adverse events occurred in four patients (12.9%). These included diarrhea (n = 1), elevated ALT at sorafenib 200 mg twice daily (n = 1), and dyspnea at 400 mg twice daily (n = 1) in part A and fever (n = 1) in part B.
Five patients withdrew from the trial because of adverse events: fatigue (grade 1); dermatology, other (grade 1); pneumonia (grade 2); musculoskeletal weakness, other and induration (both grade 3); fatigue (grade 4); and whole-body/ generalized muscle weakness (grade 3).
Six patients (21%) required a dose delay of gefitinib: 5 because of toxicity and 1 due to patient error. No dose reductions were necessary. Nine patients (29%) required a sorafenib dose delay because of adverse events. Two sorafenib dose reductions occurred in cohort 1 of part A, both due to grade 3 diarrhea, whereas in cohort 2, three dose reductions were necessary: two due to elevated ALT and aspartate aminotransferase (both grade 3) and one due to hand pain (grade 3) and hand swelling (grade 4). Five dose reductions in part B resulted from a variety of toxicities: diarrhea (grade 3) and acne (grade 2), pruritus and erythema multiforme (both grade 2), hand-foot skin reaction (grade 3), diarrhea (grade 2), and elevated ALT (grade 4) and aspartate aminotransferase (grade 3).
Six deaths occurred during the trial, attributable to pneumonia (n = 1), respiratory failure (n = 1), and disease progression (n = 4). None was considered related to either sorafenib or gefitinib.
Pharmacokinetics. Of the 19 patients in part B, pharmacokinetic variables could be calculated for single-agent sorafenib in 8 patients and for single-agent gefitinib in 12 patients. Paired pharmacokinetic data, for either drug administered alone (runin) and in combination (cycle 1), were available for sorafenib in four patients and for gefitinib in eight patients.
Comparison of C max and AUC values of sorafenib alone (run-in period) and sorafenib combined with gefitinib (cycle 1) showed that gefitinib had no significant effect on steady-state sorafenib pharmacokinetics (Table 3) . However, mean C max and AUC values of gefitinib were reduced by 26% (P = 0.0131) and 38% (P = 0.0035), respectively, when gefitinib was coadministered with sorafenib (cycle 1) versus gefitinib alone (Table 3) . A representative plasma concentration-time profile of gefitinib given as a single agent and in combination with sorafenib is shown in Fig. 2 .
Tumor response. A total of 31 patients were evaluable for tumor response (Table 4) . One partial response was observed in cohort 1. A 75-year-old female patient diagnosed with adenocarcinoma, who had received three prior chemotherapy regimens, had a 45% decrease in size of a lung mass and resolution of pleural effusion and was on this study for 40 weeks. Twenty patients (65%) achieved stable disease (8 patients from part A and 12 patients from part B), and 8 patients (26%) progressed. Of the 20 patients who had stable disease, 13 patients showed stable disease for z4 months, and 10 patients showed stable disease for 6 months. Median progression-free survival for the 20 patients with stable disease was 23.2 weeks (range, 5.7-56.7 weeks). Median progression-free survival for all patients was 19 weeks (i.e., 133 days; Table 4 ). Seven patients remained on study at the time of the analysis.
Discussion
NSCLC is the leading cause of cancer death throughout the world (1, 26) . Although there have been improvements in firstline treatment of NSCLC, cytotoxic therapies still have Table 3 . Plasma pharmacokinetics of sorafenib (400 mg twice daily) and gefitinib (250 mg) when given as single agents or after coadministration (geometric mean) Abbreviations: 95% CI, 95% confidence interval; LS, least squares. Table 2 . Incidence of drug-related adverse events (all grades) in z10% of all patients, n (%) (26) . Response rates of f10% have been reported with second-line monotherapy with docetaxel and pemetrexed (27, 28) . Gefitinib and erlotinib have shown a 10% to 20% response rate as monotherapies in previously treated, chemotherapy-refractory, advanced NSCLC patients (29) . Clinical activity of single targeted agents may be limited due to a lack of target expression by the tumor, or redundancies and multiplicity of signaling pathways. Therefore, anticancer activity may be enhanced by combining smallmolecule inhibitors that have different mechanisms of action to target multiple signaling pathways. This phase I study evaluated the safety, tolerability, and efficacy of sorafenib given in combination with gefitinib and investigated the pharmacokinetics of both agents given alone and in combination. Sorafenib 400 mg twice daily plus gefitinib 250 mg once daily was the recommended dose for further evaluation in phase II trials. These are the single-agent recommended doses of both drugs. Although drug-related adverse events were generally mild to moderate in severity (grades 1 and 2) and medically manageable, five patients required dose delays in later cycles because of toxicity, indicating that these doses were optimal for chronic administration.
Coadministration of gefitinib did not alter the pharmacokinetics of sorafenib. The C max and AUC values of sorafenib 400 mg twice daily administered alone or in combination with gefitinib in these NSCLC patients were similar to those reported in a phase I trial in patients with mixed solid tumors, who received continuous single-agent sorafenib (20) . However, sorafenib reduced gefitinib AUC by 38%. Gefitinib is extensively metabolized by human liver microsomes in vitro. Oxidation of gefitinib is largely dependent on CYP3A4, with some dependency on CYP2D6 (30, 31) . Clinical coadministration of the CYP3A4 inhibitor itraconazole with gefitinib resulted in a 78% increase in gefitinib AUC, whereas the CYP3A4 inducer rifampicin decreased gefitinib AUC by 83% (32) . However, the decrease in gefitinib exposure with concurrent sorafenib does not seem to be due to CYP3A4 induction (33) . In a probe substrate clinical trial, sorafenib in combination with the CYP3A4 substrate midazolam showed no significant changes in midazolam exposure, indicating that sorafenib was neither an inhibitor nor an inducer of CYP3A4 (33) . In vitro microsomal data indicate that sorafenib undergoes glucuronidation and phase I oxidative metabolism mediated by CYP3A4. Sorafenib N-oxide was formed in vitro, as shown with the application of human liver microsomes or recombinant CYP3A4, and is also the main circulating metabolite in human plasma (34, 35) . Determination of the concentrationdependent formation rate of sorafenib N-oxide in human liver microsomes revealed autoactivation to be important for this CYP3A4-mediated pathway, as indicated by nonMichaelis-Menten in vitro kinetics. Activation occurs when the rate of a biotransformation reaction is increased in the presence of another compound. Unlike induction, activation does not change the amount of specific metabolizing enzyme but increases the velocity of the reaction. In vitro activation of CYP3A4-mediated pathways has been described for several compounds. However, few animal studies have shown activation of CYP-mediated biotransformation reactions in vivo (36, 37) . To our knowledge, CYP3A4 activation in vitro has not been reported to correlate with clinical findings for any marketed CYP3A4 substrate. The underlying mechanism(s) responsible for CYP3A4 activation leading to increased metabolism is not fully known. Several models have been proposed to explain these unusual kinetic characteristics with CYP3A4 involving two substrates (38 -40) . Currently, there are no data on the predictive value or relationship between in vitro activation of CYP3A4 and increased metabolism in humans. Sorafenib may stimulate the biotransformation of gefitinib resulting in decreased gefitinib exposure via activation, and studies are ongoing to evaluate this mechanism.
Several phase I/II trials of sorafenib in combination with standard cytotoxic chemotherapies have been conducted. In general, sorafenib was generally safe and well tolerated when combined with various chemotherapy agents, including oxaliplatin, carboplatin/paclitaxel, docetaxel, and gemcitabine (13, 16, 41, 42) . No clinically relevant drug-drug interactions or significantly increased toxicities were observed in standard therapy combination trials with sorafenib, despite slight increases in doxorubicin, docetaxel, or irinotecan exposure with the combinations (14, 42, 43) . Phase I trials of sorafenib have shown antitumor activity in several solid tumors, including NSCLC (18, 20) . A phase II trial of sorafenib monotherapy in relapsed or refractory advanced NSCLC patients has been reported (44) . In that trial, although there were no objective responses, 59% of patients achieved stable disease and had a median progressionfree survival of f5.5 months (44). In the current trial, antitumor activity was shown with one partial response, 65% of patients with stable disease for at least 4 months, and a median progression-free survival of 19 weeks. Currently, five patients remain on study for >24 months. These preliminary antitumor data are encouraging and consistent with those reported in the phase II single-agent trial (44) , and other single-agent studies of novel agents, such as vandetanib (45) and sunitinib (46) , in NSCLC.
The effect of the reduced gefitinib AUC (38%) on the efficacy of this combination is unknown. However, given the relative lack of efficacy of a 250 mg dose of gefitinib in an unselected NSCLC population in the Iressa Survival Evaluation in Lung Cancer trial, 5 it is reasonable to speculate that, in the context of the pharmacokinetic interactions identified here, the dose of gefitinib may have been subtherapeutic. Our data suggest that careful pharmacokinetic assessments are needed during initial studies of anticancer combinations. Taken together, our data argue for further evaluation of sorafenib in combination with other EGFR tyrosine kinase inhibitors, and studies in patients evaluating the combination of erlotinib and sorafenib are of interest.
